may be ubiquitous in fl owering species. A few important factors that could select for dioecy include inbreeding depression Charlesworth, 1978 , 1979 ; Charlesworth, 2006 ; Eppley and Pannell, 2009 ) , trade-off s between allocation to male and female functions when resources are limited ( Charnov et al., 1976 ; Charnov, 1979 ; Givnish, 1980 ; Campbell, 2000 ; Parachnowitsch and Elle, 2004 ) , and sexual selection ( Willson, 1979 ; Th omson and Barrett, 1981 ; Moore and Pannell, 2011 ; Delph and Herlihy, 2012 ) . Unfortunately, it is diffi cult to infer what factors facilitated the evolution of separate sexes in extant dioecious species because recreating the ancestral ecological or genetic conditions of a species is oft en diffi cult, if not impossible. Th is problem, however, can be circumvented by examining ecological and genetic conditions associated with diff erent sexual morphs found in species that exhibit within-species variation in sexual expression ( Barrett, 1992 ; Barrett and Hough, 2013 ; Yakimowski and Barrett, 2014 ) .
Abiotic environmental conditions, such as soil moisture, soil fertility, and annual temperature, are oft en correlated with the prevalence of a particular sex in plant populations and are likely to be important factors involved in the evolution of separate sexes (e.g., Maurice, 1999 ; Sakai and Weller, 1999 ; Case and Barrett, 2004 ) . For example, in dioecious species, male individuals are more oft en found in lower-quality sites, compared to female individuals, which likely refl ects the outcome of selection acting on the relative resource demands of pollen production vs. seed production ( Meagher, 1984 ; Th omas and LaFrankie, 1993 ; Korpelainen, 1998 ; Queenborough et al., 2007 ; Peruzzi et al., 2012 ) . By contrast, in gynodioecious species that contain both female and hermaphroditic individuals, populations with females are oft en found in hotter and dryer environments than populations that contain only hermaphrodites ( Sakai and Weller, 1999 ; Case and Barrett, 2004 ; Bishop et al., 2010 ; Barrett and Hough, 2013 ; Ruff atto et al., 2015 ) . One hypothesis to explain this pattern is that, when faced with limited resources, hermaphrodites may emphasize pollen production, allowing seed production in females to surpass that of hermaphrodites and thus enabling the establishment of females in the population ( Delph, 1990 ( Delph, , 2003 Bishop et al., 2010 ) . Th ough the associations of sex ratios with environmental conditions diff er in these two instances, they illustrate how abiotic factors can generate selective pressure that can aff ect sex expression, an eff ect that has been frequently documented in the literature ( Meagher, 1984 ; Grazer et al., 2014 ; Varga and Kytöviita, 2016 ) .
In addition to being a response to selective pressures, variation in sex expression among populations may also be promoted by abiotic factors through nonselective mechanisms. For example, an association between environmental conditions and sex ratios may be observed if populations are phenotypically plastic and shift resource allocation from one sexual function to another in response to biotic or abiotic factors ( Lloyd and Bawa, 1984 ; Maurice, 1999 ; Barrett et al., 2000 ; Sarkissian et al., 2001 ; Vitt et al., 2003 ; Vallejo-Marín and Rausher, 2007 ; Diggle et al., 2011 ) . As a result, variation in sexual expression among different populations could be found in different environments without possessing heritable genetic differences. For example, fl owers of Gossypium hirsutum ( Yasuor et al., 2007 ) and Ipomoea purpurea ( Baucom et al., 2008 ) are feminized after exposure to some herbicides that disrupt anther formation. In addition, herbivory can also lead to altered sex expression in plants ( Hendrix and Trapp, 1981 ; Lehtilä and Strauss, 1999 ; Vallius and Salonen, 2000 ; Parra-Tabla et al., 2004 ; Arceo-Gómez et al., 2009 ). The size of a population may also cause variation in sex ratios through genetic drift. Small populations are more likely to be strongly affected by random fluctuations in allele frequencies, and this has been proposed to explain why smaller populations of the gynodioecious Lobelia siphilitica often have higher female frequency ( Caruso and Case, 2007 ) .
Finally, abiotic factors can interact with endogenous characteristics, such as life-stage and plant size, to infl uence sexual expression in some plants. For example, in sequentially hermaphroditic species, smaller and younger individuals tend to produce male sexual structures but can switch to producing either perfect or female structures when they grow larger (e.g., Givnish, 1980 ; Doust and Cavers, 1982 ; Matsui, 1995 ; Renner et al., 2007 ) . A similar correlation between plant size and sex expression or allocation to diff erent sexual functions can be found in other sexually polymorphic species such as gynodioecious ( Ashman et al., 2001 ) , andromonoecious ( Wolfe, 1998 ; Liao and Zhang, 2008 ) , monoecious ( Torices and Mendez, 2011 ) , and hermaphroditic ( Peruzzi et al., 2012 ; Lankinen and Green, 2015 ) species. Th e eff ect of abiotic factors on plant size could also infl uence sex expression ( Delesalle, 1989 ; Zhang et al., 2014 ) . For example, larger plants may have access to more available resources (both above and below ground) and tend to have larger fl owers, which could aff ect the number of pollen grains received (e.g., Philipp and Hansen, 2000 ) . Th is can, in turn, indirectly shift resource allocation to seed production rather than to pollen function ( Dudash, 1991 ; Wolfe and Shmida, 1997 ) .
To better understand how environmental conditions may infl uence sexual expression in wild populations, we investigated sex expression and sex ratios in natural populations of a wild geranium species, Geranium transversale , which grows in stony slopes, sandy deserts, and sandy steppes in central Asia. Geranium transversale exhibits variation in both within-fl ower sexual expression and withinplant fl ower-type combinations. To distinguish between variation at these two levels, we refer to sex expression of individual fl owers as one of three "fl ower types"-perfect, pistillate, and staminate-and refer to sex expression of individual plants as one of four "sexual morphs" that refl ect the combinations of fl owers within a plant: andromonoecious (with staminate and perfect fl owers; hereaft er "AN"), gynomonoecious (with pistillate and perfect fl owers; hereaft er "GY"), hermaphroditic (with perfect fl owers only; hereaft er "H"), and female (with pistillate fl owers only; hereaft er "F") (Appendix S1; see Supplemental Data with this article). Th e habitat of this species varies greatly in soil composition and oft en displays steep soil-moisture gradients, such that closely located individuals can experience dramatically different environmental conditions that may infl uence sexual expression of these plants. In addition, because G . transversale grows perennially in a wide array of microsites, we also examined whether spatiotemporal variation in ecological factors were associated with phenology and sex expression across environmental clinal gradients. Using measurements collected from natural populations, we asked whether sexual morphs diff er in their (1) fl owering phenology and spatial distribution, (2) biomass allocation to diff erent fl oral structures and reproductive vs. vegetative structures, and (3) seed production following open pollination.
MATERIALS AND METHODS
Study species and study site -Geranium transversale Vedis (Kar. et Kir.) is native to Central Asia, western Siberia, and northern Ürümqi city. In addition to moisture, we also divided the soil type of our sampled plants into three crude categories based on the texture of the soil: humus soil (a mixture of plant material and other organic materials and forest residue), stone-humus mixed soil, and stony-gravel soil. Among these three soil types, soil moisture levels diff ered signifi cantly, with the stony-gravel soil containing much lower moisture than the humus soil, and stone-humus soil in between.
Biomass allocation to diff erent aboveground structures -To measure how G . transversale plants allocate their resources to diff erent aboveground structures, we randomly sampled two ramets each from ~15 diff erent colonies for each of the four sexual morphs, recorded the infl orescence height, and recorded the number of the three fl ower types during the 2011 fl owering season. Colonies were chosen to span the range of sizes observed in natural populations. We harvested all the aboveground structures and separated the leaves, infructescence stems, and fl owers in 2011. To measure the biomass allocation at the single fl ower level, we collected all fl owers from each sexual morph. Th e diameter of each fl ower was measured to 0.01 mm using a digital Vernier caliper SF2000 (Guanlin, PR China) before we separated the corolla, calyx, stamen, and pistil of every fl ower into separate paper bags. Each fl oral part was oven dried to constant mass at 80 ° C for 48 h in the laboratory, and the biomass of each part was measured to 0.01 mg using a Sartorius BS210S electronic balance (Guanlin, PR China).
To estimate pollen and ovule production per fl ower, we sampled fl owers that were fully open but had not yet been visited by pollinators. To separate the eff ects of fl ower type and sexual morphs, we sampled 22-48 fl owers of each fl ower type from several individuals for all sexual morphs. Anthers and pistil from each fl ower were collected and placed separately in 1 mL microcentrifuge tubes. Th e number of pollen grains in each fl ower was determined by subsampling pollen collected from individual fl owers and counted using an Olympus BH-2 (10 × ) light microscope in the laboratory following the methods described in Han et al. (2008) . Th e number of ovules per ovary in each fl ower was counted under a stereomicroscope (SMZ 1000; Nikon, Japan).
Pollen size was measured for at least three samples each from 10-14 individuals of each sexual morph with perfect flowers; nine individuals were sampled for pistillate flowers (underdeveloped anthers). Pollen samples were collected from single flowers, placed on a slide, and observed under the Olympus BH-2 optical microscope; 10 grains from each were measured using the Motic digital image analysis system (Motic-Advanced 3.2; Shenzhen, PR China) on a computer connected to the microscope. The length and width of each grain was measured, and the volume of the pollen was calculated as length × width × 3.14 / 4. Similar measures were made for ovules using a stereomicroscope (Nikon-SMZ 1000). Though our measurements for pollen and ovule size are likely to be approximations, they provide sufficient information to distinguish between viable and nonviable (aborted) pollen grains for this study (see below). In addition, because there were occasionally some ovules in staminate flowers, we included staminate flowers in the ovule count data, even though these ovules would never be fertilized.
Seed production following open pollination for diff erent sexual morphs -To investigate seed production by the four sexual China, including Kazakhstan, Kyrgyzstan, Russia, Tajikistan, Turkmenistan, Uzbekistan, and the northern Xinjiang Uyghur Autonomous Region of China ( Xu and Aedo, 2008 ) . Its habitat includes stony slopes, sandy deserts, sandy steppes, and open fields at elevations of 500-1300 m above sea level. Geranium transversale is a spring ephemeral species that forms clonal ramets that are connected by underground rhizomes. Clones can be quite extensive and form a patchy aboveground distribution. Each rhizome branch produces a single inflorescence with 8-18 flowers. The sequence of flowering within an inflorescence proceeds in an acropetal and centrifugal manner. Perfect flowers are protandrous, with stamens maturing earlier than the pistil (A. Abdusalam et al., unpublished data) , reducing the likelihood of self-pollination. Anthers and stigma are also spatially separated when the stigma becomes receptive (Appendix S2), further reducing the possibility of autonomous selfing. In the study region (Xinjang Uyghur Autonomous Region of China), flowering generally starts in mid-April and fruits start to ripen in early June.
We conducted this study using natural populations located around Yamalik Hill (43
950-1300 m above sea level), an area of gray desert soil fi lled with gravel, dominated by typical cold-desert vegetation. Local weather patterns follow a typical continental arid climate ( Abdusalam and Tan, 2014 ) with a mean annual temperature of 6.8 ° C and mean annual precipitation (including rain and snow) of 234 mm. Field studies were carried out between April and June in 2011 and 2014.
Sexual expression and fl owering phenology of individuals-To investigate the sexual expression and phenology of plants in the Yamalik Hill population, 131 colonies of diff erent sizes (covering 1-10 m 2 ) were measured before fl owering had started in both 2011 and 2014. Each colony is referring to a cluster of ramets that may or may not be connected belowground but are likely to be part of the same genetic individual. Clearly distinct colonies (separated by ≥ 5 m) were sampled haphazardly across the population in the Yamalik Hill area. Plants were labeled in 2011 to enable the relocation of the same individuals in 2014; labels of 26 plants from 2011 were lost and each was replaced with an individual of similar size near the location of the original missing plant. We monitored the phenology and sexual system of the labeled colonies over the two fl owering seasons. Based on these observations, we calculated the percentage representation of each sexual morph. In addition, we recorded the fi rst fl owering date for each colony by surveying the population every 3 d from mid-April to mid-May of each year. To document the temporal sequence of fl ower-type appearance (perfect, pistillate, or staminate) within an infl orescence, we closely monitored three infl orescences each in 10 colonies for all sexual morphs and recorded the sex expression of the fl owers that opened sequentially.
Soil characteristics associated with the sexual morphs -To determine whether the microenvironments differed among sexual morphs, we measured volumetric soil moisture for ~10 colonies of each sex morph during both 2011 and 2014 using a TSC-1 automatic measuring system with 8 cm probes (Leishen Electron Instrument Company, Shijiazhuang, PR China). Mean average daily temperatures (April-August, 2011 -2014 were obtained from the Xinjiang Uygur Autonomous Region Meteorological Bureau in morphs, we marked ~30 inflorescences for F, H, GY, and AN plants in 2011. For each infl orescence, we labeled two fl owers for each sex-expression type as our target fl owers and allowed open pollination to occur. About 4 wk aft er fl owering, we collected mature fruits from the labeled fl owers to determine their seed set. Seed set was measured as the proportion of available ovules (identifi ed as the sum of developed and aborted seeds and unfertilized ovules) within a fl ower that successfully turned into seeds. Aborted seeds were much smaller and shriveled and so were easily distinguishable from the healthy, mature seeds. Unfertilized ovules remained small but were identifi able as residual structures in the fruits. Seed mass was measured for six to eight individuals in each sex morph using mature seeds collected from unmanipulated infl orescences. We measured the mass of the bulked seeds (100 seeds each) to obtain the mean seed mass for each plant. To measure pollen deposition on the stigmas of the perfect and pistillate fl owers, we collected ~26 stigmas from both types of fl owers in each sexual morph and counted the number of deposited conspecifi c pollen grains under a microscope.
Statistical analysis -We used analysis of variance (ANOVA) to test for the diff erences among sexual morphs for plant height, total fl ower number, aboveground biomass, and total biomass of fl owers. When multiple measurements were taken from a single individual, we included individuals as a random eff ect in our ANOVA. We tested for diff erences on three types of traits among the three fl ower types (perfect, pistillate, and staminate): fi rst, the dry mass of the entire fl ower as well as individual fl oral components (corolla, calyx, stamen, and pistil); second, number and size of the gametophytes (pollen and ovules); and fi nally, number of seeds produced following natural pollination. If ANOVA indicated signifi cant eff ects of the main variable, Tukey's HSD test was performed. Data that were not normally distributed (ratio of each morph, biomass of each part, fruit and seed set) were transformed before analysis to ensure homogeneity of variance, with untransformed means reported. Because the environmental factors we measured were intercorrelated, we used a principal component analysis (PCA) to generate two orthogonal principal components (PCs) that best described site variation. Th is PCA included only 44 sites where soil moisture was measured individually. Th ese sites were evenly distributed among the four sexual morphs. Using the two main PCs with highest eigenvalues (both >1), we conducted a one-way ANOVA to determine whether the four sexual morphs differed in their environmental conditions. Categorical data (fl owering time, soil type distribution, and sex ratios) were analyzed using chi-square tests to test for differences in the distribution of sexual morphs in different categories or between different years. We also carried out correlation analyses between flowering time and the two PCs. All statistical analyses were performed using SPSS version 13.0.
RESULTS
Phenological diff erences among sexual morphs -Our observations clearly identifi ed four sexual morphs in G . transversale in the Yamalik Hill population: H, GY, andromonoecious AN, and F individuals (Appendix S1). H and F morphs produce only one fl ower typeperfect and pistillate fl owers, respectively, throughout the entire fl owering season. By contrast, GY and AN morphs produce two fl ower types sequentially within the fl owering season, both starting with single-sex fl owers (pistillate fl owers for GY and staminate fl owers for AN morphs) and later switching to producing only perfect fl owers. Th e number of single-sex fl owers produced were generally low: <5 fl owers for GY plants and <3 staminate fl owers for AN. Pistillate fl owers have nondehiscent anthers with small and aborted pollen grains inside, and staminate fl owers have shriveled stigma and pistil but still contain intact ovules inside the ovaries. Th e proportion of each sexual morph in the population did not diff er signifi cantly between 2011 and 2014 ( χ 2 = 7.36, df = 3, P > 0.05). Specifi cally, GY plants constituted the most common plant type within the study population (39% and 44% for 2011 and 2014, respectively), followed by H (35% and 30%) and AN (16% and 22%) morphs, and the F morph remained rare in both years (10% and 4%).
Temporal surveys showed that sexual morphs diff ered in when they started fl owering: plants that started fl owering early (midApril) tended to be GY or F morphs (38 of 39 plants), whereas AN and H morphs usually did not start fl owering until early May, with many individuals not fl owering until the last survey in mid-May. Th e trend was similar in both 2011 and 2014 ( Fig. 1 ; χ 2 = 12.5, df = 9, P > 0.05).
Microsite characters of diff erent sexual morphs -Of the fi ve environmental measurements analyzed by PCA, PC1 (soil moisture, elevation, and soil type) explained 53% and PC2 (average temperature and rainfall) explained 24% of the overall variance (Appendix S3). Th e sexual morphs diff ered signifi cantly with regard to PC1 ( F 3, 40 = 11.51, P < 0.001). Patterns in association between the four sexual morphs and individual microsite factors contributing to PC1 emerged when we examined the three factors separately ( F 3, 43 = 12.99 for soil moisture, F 3, 99 = 8.52 for elevation, all P < 0.001; Fig. 2 ) . Because AN and F morphs were missing in one of the soil types, this data set is not suitable for chi-square tests of homogeneity in soil distribution. However, the diff erent category missing in each of these morphs illustrated the diff erences in how sexual morphs are associated with soil types recorded in this study. More specifi cally, AN were only found in rocky or rocky-humus mixed soil types located in higher elevation where the soil moisture tends to be low, whereas F tend to be found in soil with high humus content ( Fig. 2A ). H and GY plants were found in intermediate soil water content and elevation and in all soil types ( Fig. 2A-C ) . Th e sexual morphs did not diff er with regard to PC2 ( F 3, 40 = 0.72, P = 0.54). However, fl owering time was signifi cantly positively correlated with PC2 (Pearson r = 0.78, P < 0.001) but much less so with PC1 ( r = 0.33, P = 0.03, but not significant after Bonferroni correction).
Biomass allocation to vegetative and reproductive structures -
Sexual morphs diff ered in many of the traits measured (both vegetative and reproductive). H plants had signifi cantly taller infl orescences than the other three sexual morphs, and the AN plants were the shortest ( F 3, 119 = 8.93, P < 0.001; Fig. 3A ) . GY and AN morphs produced slightly, but signifi cantly, more fl owers than F morph plants, with H in between ( F 3, 119 = 5.32, P < 0.05; Fig.  3B ). Finally, the overall aboveground biomass (including vegetative and reproductive structures) were lowest in GY plants ( F 3, 119 = 3.82, P < 0.05; Fig. 3C ). Combined, the GY morph had smaller stature than, but produced a similar number of fl owers as, the other morphs ( Fig. 3A-D ) .
When we examined the sexual morphs separately, there was a positive correlation between the total number of fl owers and the aboveground biomass ( Fig. 4A-C ) , except for AN plants for which no relationship was found ( Fig. 4D ) . A similar pattern was found when we separated unisexual and perfect fl owers (data not shown).
Floral resource and sex allocation of each sexual morph -When all flower types were examined together, perfect flowers were significantly larger than the other two flower types ( F 2, 178 = 33.36, P < 0.001; Fig. 5 ) . Though perfect flowers in the AN morph were significantly smaller than the perfect flowers found in the other morphs ( F 2, 95 = 27.83, P < 0.001; Fig. 5 ), they were the same size as the staminate flowers on AN plants. Pistillate flowers in the F and GY morphs were similar in their diameters ( F 1, 52 = 2.02, P > 0.05; Fig. 5 ), and both were smaller than perfect flowers.
All perfect fl owers allocated biomass to the four fl oral structures similarly, regardless of the morph from which they were collected (Appendix S4A). Overall, the corolla had the highest biomass in all fl owers (~40% of the total biomass), with roughly equal proportions of biomass allocated to the remaining three structures-pistil, stamen, and calyx. Biomass allocation in pistillate fl owers diff ered slightly between the two sexual morphs that produce them: F plants FIGURE 3 Mean infl orescence height, total number of fl owers produced, dry aboveground biomass, and dry vegetative biomass at harvest for the four sexual morphs (H = hermaphroditic, GY = gynomonoecious, AN = andromonoecious, and F = female). Error bars = SE. Sample sizes are in parentheses. Letters above the bars indicate statistical results; means that share the same letter do not diff er signifi cantly (at P = 0.05). Error bars = SE. In A and B, sample sizes for AN, H, GY, and F are 30, 32, 27, and 15, respectively; in C, sample sizes for AN, H, GY, and F are 13, 16, 13, and 10, respectively. Letters above the bars indicate statistical results; means that share the same letter do not diff er signifi cantly (at P = 0.05).
tended to allocate a higher proportion of biomass to the calyx than to the pistil, whereas GY plants tend to allocate similar amounts to the corolla and calyx (Appendix S4B). When examining all fl ower types together, pistillate fl owers allocated a signifi cantly lower percentage of biomass to the stamen than the other morphs ( F 3, 47 = 115.37, P < 0.001; Appendix S4C). However, staminate fl owers allocated similar amounts to the pistil and stamen, a pattern similar to perfect fl owers.
Th e number and size of pollen grains diff ered signifi cantly among perfect fl owers produced by diff erent sexual morphs ( F 2, 116 = 28.68, P < 0.05 and F 2, 113 = 9.48, P < 0.05, respectively) ( Fig. 6A, B ) . Specifi cally, pollen production (pollen number) in perfect fl owers follows the order of H > GY > AN plants. By contrast, pollen size in perfect fl owers is signifi cantly larger in AN and H than in GY perfect fl owers ( Fig. 6B ) . Interestingly, pistillate fl owers in this species still produce pollen grains inside the nondehiscing anthers, but the grains are much smaller and most likely nonviable.
Th ere were no overall eff ects of sexual morphs in regard to the number of ovules in their perfect fl owers ( F 2, 58 = 2.50, P > 0.05; Fig. 6C ) or in ovule size ( F 2, 94 =1.10, P > 0.05; Fig. 6D ). However, pistillate fl owers of GY plants produced more and larger ovules than F plants ( F 1, 45 = 10.46, P < 0.01 for ovule number and F 1, 56 = 7.01, P < 0.001 for size; Fig. 6C, D ) . Interestingly, there are normal-sized ovules inside the ovary of staminate fl owers, but far fewer than in perfect and pistillate fl owers ( F 2, 184 = 9.49, P < 0.001; Fig. 6D ).
Female reproductive success of pistillate and perfect flowers -
The number of pollen grains deposited on the stigma differed significantly between perfect and pistillate flowers and, to a lesser extent, among different sexual morphs ( F 1, 129 = 282.12 for flower type and F 3, 129 = 25.17 for sexual morphs, both with P < 0.001; Fig. 7A ) . More specifically, when examining all morphs together, perfect flowers received almost 10 × the number of pollen grains as pistillate flowers ( Fig. 7A ) . Among the perfect flowers borne on the three sex morphs, the numbers of pollen grains received by GY and AN were significantly higher than that received by H stigmas ( F 2, 77 = 22.57, P < 0.001; Fig. 7A ). Between the two morphs bearing pistillate flowers, GY-pistillate flowers received significantly more pollen grains than F-pistillate fl owers ( F 1, 51 = 9.91, P < 0.001).
Seed set and seed mass were also infl uenced by both the fl ower type and the plant sexual morph. Overall, perfect fl owers had signifi cantly higher seed set per fl ower ( F 1, 320 = 106.34, P < 0.01) but lower seed weight ( F 1, 34 = 7.65, P < 0.01) than the pistillate fl owers ( Fig. 7B ) . If we only consider perfect fl owers, seed set in AN was signifi cantly higher than seed set in GY and H plants ( F 2, 199 = 10.16, P < 0.01). For pistillate fl owers, GY has signifi cantly lower seed set ( F 1, 119 = 4.48, P < 0.001) and seed weight ( F 1, 14 = 325.63, P < 0.01) than the F morph ( Fig. 7C ) .
DISCUSSION
Unique sex-expression system in Geranium transversale -Our 2 yr of fi eld observation revealed unique sex-expression patterns in Geranium transversale that have not been reported before. Specifi cally, in addition to the perfect and pistillate fl owers commonly found in other Geranium species ( Ågren and Willson, 1991 ; Williams et al.,
FIGURE 5
Flower diameter of the three flower types (pistillate, perfect, and staminate) produced by the four sexual morphs (H = hermaphroditic, F = female, AN = andromonoecious, and GY = gynomonoecious). Error bars = SE. Sample sizes are in parentheses. Letters above the bars indicate statistical results; means that share the same letter do not differ significantly (at P = 0.05). Capital letters are for withinsexual-morph comparisons between different flower types, and lowercase letters are for comparisons of the same flower types among sexual morphs. 2000 ; Asikainen and Mutikainen, 2005 ; Chang, 2006 ) , we also found staminate fl owers consistently produced by AN individuals. To our knowledge, only two types of breeding systems have been found in Geranium species thus far-hermaphroditism and gynodioecy, the latter consisting of hermaphroditic (only perfect fl owers) and female (only pistillate fl owers) individuals and, occasionally, intermediate individuals with both pistillate and perfect fl owers (same as the GY individuals in this study). Geranium transversale contains all of these previously reported morphs and exhibits similar morphological patterns, such as similar vegetative structures among F and H, smaller petal size and fewer pollen received in pistillate than in perfect fl owers, and heavier seeds produced by F than by H ( Ågren and Willson, 1991 ; Chang, 2006 ) . A fourth, AN, morph that produces staminate fl owers before switching to producing perfect fl owers has, thus far, been reported only in G . transversale . In contrast to the diff erence in fl ower diameter between the pistillate and perfect fl owers on the GY morph, staminate fl owers are similar in size to the perfect fl owers on the same plant and contain normal-sized ovules inside the ovary. Th e only apparent diff erence between staminate and perfect fl owers is that the styles are nonfunctional or aborted in the staminate fl owers. We suspect that the production of staminate fl owers (more specifically, aborted styles) is a response to poor environmental conditions, rather than a genetically determined modifi cation, because genetic determination is oft en associated with a reduction in both reproductive structures and gametes. For example, in other Geranium species in which male sterility is genetically controlled, pistillate fl owers found in F and GY morphs contain reduced anthers with only undeveloped pollen grains ( Ågren and Willson, 1991 ; Williams et al., 2000 ; Asikainen and Mutikainen, 2005 ; Chang, 2006 ) . We hypothesize that both environmental and genetic factors contribute to the spectrum of sex expression in G . transversale , and we plan to test these hypotheses in future studies.
Environmental association with sex expression -Regardless of whether the production of single-sex flowers is under genetic or environmental control, our results show a clear association between sexual morph and environmental/microsite conditions. Specifically, if we consider the four sexual morphs by their relative level of "femaleness" from low to high as (1) AN, (2) H, (3) GY, and (4) F, we find that as the environmental conditions become less harsh (less rocky soil with more organic materials and moisture) the level of femaleness increases. The perceived harsh conditions around the AN morph does not appear to be reflected in the vegetative size of these plants, a trait commonly used as a surrogate for environmental quality in field studies ( Delph, 1990 ; Wolfe and Shmida, 1997 ; Calviño and Galetto, 2010 ) . This pattern suggests that water availability may not be the driving force for the spatial distribution observed here because soil type is also correlated with other environmental factors, including elevation and temperature. Collectively, our results indicate that abiotic conditions contribute to the spatial, and likely also the temporal, variation of sex expression in wild populations of G . transversale .
As discussed above, there are at least two non-mutually exclusive hypotheses that can explain an association between sexual expression and the environment as revealed by our results. First, sex expression might be a plastic trait that can change in response to environmental quality ( Vitt et al., 2003 ; Case and Barrett, 2004 ; Lu et al., 2012 ) . If this is true, we would expect to see sex expression "switch" when we move plants to a diff erent environment. Some support for this idea comes from a recent study on the gynodioecious Geranium sylvaticum by Varga and Kytöviita (2016) , in which nearly half of the transplanted individuals showed some level of sex lability in response to light condition in the transplant site. Additionally, nine of the 21 species reviewed in the same study found FIGURE 7 Mean (A) pollen deposition, (B) seed set, and (C) seed mass for the pistillate and perfect fl owers produced by the four sexual morphs (H = hermaphroditic, GY = gynomonoecious, AN = andromonoecious, and F = female). Error bars = SE. Sample sizes are in parentheses. Letters above the bars indicate statistical results; means that share the same letter do not diff er signifi cantly (at P = 0.05). Capital letters are for within-sexual-morph comparisons between diff erent fl ower types, and lowercase letters are for comparisons of the same fl ower types among sexual morphs. some evidence of sex lability ( Varga and Kytöviita, 2016 , and references therein), further supporting phenotypic plasticity in sex expression. Similar behavior is also seen in sequentially hermaphroditic species in which individuals generally express only one sexual function at any given time but can switch back and forth across years or seasons ( Case and Barrett, 2004 ) . In those species, female function is more likely to be expressed when plants experience "better" environmental conditions ( Freeman et al., 1980 ; Dawson and Geber, 1999 ) , similar to what we found in the present study.
Alternatively, though not mutually exclusive with the above idea, sex expression could be genetically determined and the observed sex-expression patterns may have arisen through natural selection by environmental factors. Th is would imply that each sexual morph is most adapted, in relation to the other morphs, to the local environments where they are found and that moving plants would not be expected to cause the sexual expression of these plants to change. Also, the plants moved to their nonnative sites would be expected to display lower relative fi tness than the morph found native to that environment. Th e idea that environments may select for a particular sex is not new in the literature on the evolution of gynodioecy or dioecy. Th e sex-diff erential-plasticity hypothesis ( Delph, 1990 ( Delph, , 2003 proposes that because hermaphroditic plants have alternative ways to gain fi tness, through either seed or pollen, whereas females can gain fi tness only through seeds, it is plausible that hermaphrodites are more plastic in resource allocation to their seed fi tness than females. As such, in harsher environments, hermaphrodites' relative seed fi tness may become lower than females' , and this allows the establishment of female individuals. Th is hypothesis, hence, provides an explanation for why we oft en observe an association between harsh environment and the presence of females in gynodioecious species. However, our results are inconsistent with this hypothesis because G . transversale females are found in the least harsh environment, opposite from what the sex-diff erential-plasticity hypothesis predicts. Instead, our data are consistent with observations of many dioecious species that females are found in spatially "better" environments than males. For example, female plants are oft en found in wetter and low-altitude environments in Podocarpus nagi ( Nanami et al., 2005 ) . Th is pattern is usually explained by the generally higher resource requirements by the female than the male function in fl owering plants ( Charnov,1982 ; Sun et al., 2006 ) . Th e deposition of pollen onto fl owers was highly dependent on the fl ower type in G . transversale . Th e number of pollen grains on perfect fl owers was, on average, 10 × higher than deposition onto pistillate fl owers. Higher pollen deposition on perfect fl owers is commonly observed in other gynodioecious (e.g., Van Etten and Chang, 2014 ) or gynomonoecious species (e.g., Mamut et al., 2014 ) and has been attributed to the fact that the larger diameter of perfect fl owers attracts more pollinators than smaller pistillate fl owers. Th is may also be the case for G . transversale , though we do not have pollinator visitation data. Higher pollen deposition in perfect fl owers may also be due to self-pollination. Although autogamous self-pollination in G . transversale is likely to be infrequent because of the spatial and temporal separation (herkogamy and protandry; see Appendix S2) between male and female functions, geitonogamous self-pollination between fl owers of the same plant remains a possibility. In fact, our fi nding that pistillate fl owers in GY received more pollen than pistillate fl owers in F supports the possibility that pollen transfer between fl owers of the same plant is at least partially responsible for pollen deposition (since GY morphs contain pollen-producing perfect fl owers but F morphs do not). A high selfi ng rate could also explain the low percentage of ovules that matured into seeds if inbreeding depression is high during the seed development stage, as found in G . maculatum ( Chang, 2007 ) . However, because we measured each fi tness component (fl ower number, seed set, and seed weight) using separate subsamples, our results cannot be used to compare the total fi tness of diff erent sexual morphs. Future studies that collect longitudinal data for all these fi tness components on the same infl orescences as well as total fl ower number of the entire clonal patch will allow us to compare the relative fi tness of diff erent morphs.
Future studies that transplant individuals of diff erent sexual morphs into a range of environments, as seen in the fi eld, should be done to help determine whether sex expression is a plastic trait in G . transversale that can "switch" in response to the environmental conditions, similar to the fi ndings of Varga and Kytöviita (2016) . Additionally, genetic studies involving crossbreeding between diff erent sex morphs and the sex-expression patterns seen in their progeny can help determine the relative contributions of genetic and ecological factors to the sex expression of this species. In the three congeneric species studied thus far, evidence exists that the expression of femaleness (i.e. the production of female morph or pistillate fl owers) is, to a large degree, a heritable trait attributable to genotypes at a sex-determining locus (or loci) (S.-M. Chang, unpublished data). Th e results of the present study therefore add to existing evidence that the genus Geranium is a good model system for studying the ecology and evolution of variation in sex-expression systems.
